P
oly(A)-binding protein (PABP) is a ubiquitous and abundant cytosolic protein involved in mRNA translation. PABP binds the poly(A) tail of mRNA and mediates mRNA circularization through binding of the eIF4F translation initiation complex, which is associated with the mRNA 5Ј cap structure (1) . This circularization enhances translation by facilitating recycling of ribosomes (2) . PABP acts as a general scaffolding protein that recruits various translation factors to the translating mRNA. In addition to the eIF4G subunit of eIF4F, protein partners of PABP include PABP-interacting proteins Paip1 and Paip2, and eukaryotic release factor eRF3 (3) (4) (5) . In plants and yeast, additional partners have been identified as follows: eIF4B, Pbp1p, and Rna15p (6) (7) (8) .
Structurally, PABP is composed of two parts, an N-terminal portion that contains four RNA recognition motifs (RRM) and a C-terminal portion which contains a conserved poly(A)-binding protein C-terminal domain (PABC; CTC or PABP) sequence of Ϸ75 residues. Because of the essential function of the RRM domains, they have received more attention than the PABC domain. Early work in yeast established that at least one RRM domain is required for binding mRNA and cell survival (9) . Numerous functional and mutagenesis studies have also established the importance of the RRM domains in enhancing mRNA translation and stability. Recently, the structure of the RRM1 and RRM2 domains in a complex with poly(A) RNA was determined by x-ray crystallography (10) .
In contrast, the structure and function of the C-terminal domain has remained enigmatic. Early work suggested that the C terminus is important in structuring the mRNA tail and for the cellular localization of PABP. This work was confirmed by more recent studies that describe PABP dimerization through the C-terminal domain and a requirement of the C terminus for proper nuclear shuttling (11, 12) . The C-terminal half of PABP contains binding sites for eRF3 (5), Paip1 (13), Paip2 (4), Pbp1p (7), and a viral RNA polymerase (14) .
Comparative sequence analysis of the C terminus of PABP reveals the phylogenetic conservation in the PABC domain (Fig.  1) . PABC is highly conserved in eukaryotes and is also found associated with a subset of HECT E3 ubiquitin-protein ligases (15) . The significance of this association is unknown. In humans, three different PABP proteins are known: the major form studied here and two tissue-specific or inducible forms (16, 17) . The sequence similarity between these isoforms is lower than for homologous forms across species, suggesting conserved but distinct functions for the different families of PABP proteins. An unrelated nuclear poly(A)-binding protein, referred to as PAB II, is also known in humans and yeast.
Here, we determine the solution structure of the last 139 residues from human PABP (hPABP) and show that this sequence contains a well-folded domain of Ϸ74 aa. This domain, PABC, functions to bind peptides from a number of proteins known to interact with the C terminus of PABP. Analysis of chemical shift changes on peptide binding allowed us to map the peptide binding site on PABC and determine the orientation of the peptide in the binding site. Finally, we used the set of peptides and proteins known to bind to PABC domains to formulate a preliminary PABC recognition sequence.
Materials and Methods
Protein and Peptide Preparation. Human PABP residues 498 to 636 were expressed in Escherichia coli as a glutathione S-transferase (GST) fusion protein and purified by affinity chromatography. For NMR analysis, the GST-tag was removed by PreScission protease (Amersham Pharmacia) cleavage (leaving a five residue N-terminal extension) and the protein exchanged into NMR buffer (50 mM K⅐HPO 4 ͞100 mM NaCl͞1 mM NaN 3 , pH 6.3) at 303 K.
Human Paip2 was expressed as a GST-fusion protein and purified by affinity chromatography. For NMR, the GST moiety was removed by thrombin cleavage (leaving a four residue N-terminal extension), and Paip2 was exchanged into NMR buffer. NMR spectroscopy was carried out under the same conditions as for hPABP (498 to 636). Peptides (Fig. 1B) were synthesized by fluorenylmethoxycarbonyl (Fmoc) solid-phase peptide synthesis and purified by reverse phase chromatography on a C18 Vydac (Hesperia, CA) column. The composition and purity of the peptides were verified by ion-spray quadrupole mass spectroscopy.
Structure Determination. NMR resonance assignments of free hPABP (498-636) were carried out by using standard tripleresonance techniques on a 13 C, 15 N-labeled sample (18) . Assignments of the hPABP-Paip2 complexes were based on 15 (19) . For the structure determination, a set of 1862 NOEs were collected from homonuclear and 15 N and 13 C isotope-edited NOESY spectra of hPABP (498-636) acquired at 800 and 500 MHz. After determination of the protein fold by using manual NOE assignments (20) , automatic peak NOE assignments were made by using ARIA (21) and the structure refined by using standard protocols in CNS V. 0.9 (22) . In the final 30 structures, PABC residues 1 to 74, the backbone pairwise heavy atom rms deviation was 0.48 Å, and the all atom rms deviation was 1.16 Å. PROCHECK showed 65.4% of residues in the most favored region of Ramachandran plot, 30.4% in additionally allowed regions, and 3.6% in generously allowed regions (23) . The coordinates have been deposited in the RCSB PDB under accession number 1G9L and the NMR assignments under BMRB accession number 4915.
Peptide Titrations. Titrations were carried out with either fulllength recombinant Paip2 (residues 1-127) or a chemically synthesized peptide, Paip2 (residues 106-127), by using Consensus Peptide Analysis. Sequence searches of potential PABC ligands were carried out by using the preliminary PABC bindingsite consensus as query (24) . Potential hits were screened based (27) , GRASP (28) , and RENDER (29) .
on the sequence conservation of the PABC-site in related proteins, the accessibility of the PABC-site as judged from the presence of surrounding low complexity sequences, and considerations of biological relatedness. A more complete list of proteins identified is available in Table 1 , which is published as supplemental data on the PNAS web site, www.pnas.org.
Results and Discussion
The C-terminal quarter of human PABP (residues 498-636) was prepared as an isotopically labeled, recombinant protein fragment and subjected to NMR spectroscopy. The protein gave excellent 15 N-1 H correlation spectra, with the dispersion of resonances typical for a protein with ␣-helical secondary structure and the possible presence of unfolded residues (Fig. 2B) . To determine the extent of folded structure, NMR assignments were obtained, and the 15 N-1 H heteronuclear NOE was measured (Fig. 3A) . This heteronuclear NOE is a measure of the reorientation rate of the amide nitrogen-hydrogen internuclear vector and varies between Ϫ3.6 and 0.82 (at 500 MHz) for unfolded and folded residues (19) . For hPABP residues 498 to 541 and residues 623 and 636, the hNOE was negative, indicating the lack of a folded structure. Between residues 546 and 619, the hNOE was positive and generally above 0.6, indicating slow tumbling of a rigid, folded domain. This region corresponds to the PABC domain, as identified by comparative sequence analysis (Fig. 3B) .
The solution structure of the 74-residue PABC domain was determined by NMR spectroscopy at 500 and 800 MHz. The structure is almost three-quarters ␣-helical, with a well defined hydrophobic core and compact globular structure. PABC consists of five ␣-helices arranged as an arrowhead. Helix 1 constitutes the tip, helices 2 and 4 the sides of the arrow, helix 3 is crossing, and the long C-terminal fifth helix constitutes the shaft of the arrow (Fig. 3E) . Helix 2 is bent by the presence of a proline residue, P23 (residue 568 of hPABP), and is preceded by an ␣-helical-like loop (residues 13 to 19 in PABC). Helix 3 is distorted by the presence of branched C ␣ amino acids I36, T37 and of glycine G38. This destabilization is balanced by a salt bridge in helix 3 between the conserved amino acids K35 and E42.
Recently, a novel PABP interacting protein, Paip2, was identified in a Far-Western screen of a human cDNA expression library (25) . To characterize Paip2 structurally, we prepared recombinant Paip2 from E. coli as a 15 N-labeled GST-tag fusion protein. The 15 N-1 H correlation spectrum of this 127-residue protein showed the limited chemical shift dispersion characteristic of an unfolded protein (Fig. 2 A) . Nonetheless, recombinant Paip2 is active in binding PABP in vitro assays (25), so we attempted to detect its binding by NMR spectroscopy. On addition of unlabeled Paip2 to a 15 N-labeled sample of hPABP (398-636), approximately half of the 15 N-1 H correlation peaks shifted, indicating the formation of a Paip2-PABP complex (Fig.  2 A) . Deletion mutagenesis of Paip2 and comparative sequence analysis had previously identified the 22 C-terminal residues of Paip2 as responsible for binding to PABP (4) . Accordingly, we chemically synthesized this peptide and carried out a second titration. The peptide caused the same spectral changes as intact Paip2 (Fig. 2 C and D) . Similar results were obtained with a shorter Paip2 peptide and two peptides from other PABPbinding proteins (Fig. 1B) . All four peptides bound in slowexchange, suggesting Ͻ10 M binding affinity. These results establish that PABC is a peptide binding domain.
Based on the Paip2 titration, we identified K35, V68, and M39 of PABC as the residues displaying largest shifts on ligand binding and likely to be close to the peptide binding site (Fig.  3C) . The molecular surface around the six residues most perturbed by Paip2 binding reveals the putative peptide-binding site (Fig. 3F) . This nearly continuous surface wraps around the crosspoint between helices 3 and 5 and up toward helix 2. The most striking feature of the protein surface is a deep hydrophobic pocket formed between helices 2 and 3. This pocket is bounded by the amide of residue K35 and the sidechains of F22, I25, A33, and residues 34-38 of helix 3. The magnitude of the chemical shift change of K35 suggests the involvement of aromatic ring current effects. These effects could result from either the insertion of a phenylalanine (F118) from Paip2 into the hydrophobic pocket or an intramolecular rearrangement involving F22 of PABC. The presence of many residues with smaller but significant chemical shift changes suggests that some structural changes occur in much of PABC on Paip2 binding.
There is a strong correlation between the residues identified by the preceding chemical shift perturbation analysis and those that are the most conserved in the family of PABC domains. PABC contains several regions of near 100% sequence conservation. The longest stretch is KITGMLLE at position 35 to 42 in helix 3. This stretch is preceded at position 17 by LGE-LFP in helix 2 and followed at position 64 by the pair EA in helix 5. In the PABC structure, these residues are all in close proximity and appear to be involved in peptide binding. Comparison of four PABC-binding peptides reveals conserved amino acid positions over a span of 12 residues (Fig. 1B) . Residues L3, N6, A7, and F10 appear to be most important for binding whereas positions 2, 5, 8, and 10 are variable. This spacing of conserved and hydrophobic residues is consistent with peptide binding in a helix-like conformation. Assuming that Paip2 follows the molecular surface of Fig. 3F , we expect it to be oriented vertically with PABC-binding site residue S1 near helix 5 and P12 near helix-like loop preceding helix 2.
By using the preliminary PABC-site consensus sequence as a key, the National Center for Biotechnology Information (NCBI) nonredundant sequence database was searched for potential PABC ligands. In addition to revealing proteins known to interact with PABP (Fig. 4) , this screen identified ataxin-2, a human protein involved in a familial neurodegenerative disease and several ataxin-2-related proteins (Fig. 1C) . Ataxin-2 and the related proteins show strong similarity to Pbp1p, which suggests (3, 25) . The C terminus of PABP has also been reported to be involved in PABP dimerization (11), nuclear shuttling (12), mRNA stability (30) , and polyadenylation (ref. 7; dashed lines). Picornaviral protease 2 cleaves both eIF4F (not shown) and the linker region of PABP to shut off host cell protein synthesis (31, 32) . A potyviral RNA-dependent RNA polymerase has also been shown to bind PABC from cucumber PABP (14) .
that they may be involved in polyadenylation of mRNA (7) . Ataxin-2 has also been found associated with the RRMcontaining protein, A2BP1 (26) . The screen also identified a number of small putative RNA binding proteins.
Conclusion
The structural and functional studies described underline the role of PABP as a scaffolding protein that binds the mRNA 3Ј poly(A) tail and a large number of translation factors (Fig. 4) . Two types of PABP-protein interactions have been identified: those that occur via the the RRM domains and in close proximity to the mRNA poly(A) tail, and those that occur via the PABP C terminus. The large linker region between the RRM and PABC domains in PABP allows these second types of protein associations to occur farther from the mRNA strand and may relax steric or dynamic constraints in the structuring͞assembly of the mRNA RNA protein (RNP) complex.
The identification of the C-terminal PABP peptide binding domain, presented here, should help clarify deletion mutagenesis studies of PABP that have often led to ambiguous interpretations about the function and importance of the C terminus. Future structural studies will define more clearly the specificity of different PABC domains and provide a detailed picture of the mechanism of peptide recognition.
